Abstract: Epidemiological research during the past 40 years has demonstrated with increasing clarity that amphibole asbestos fibres-crocidolite, amosite and tremolite-are more carcinogenic than chrysotile. A smaller number of well-controlled studies using lung burden analyses, while adding to the specificity of this conclusion, have shown that amphibole fibres also differ from chrysotile in being far more durable and biopersistent in lung tissue. Analyses of mesothelioma and lung cancer in a large cohort of Canadian chrysotile miners and millers have recently shown that the low-level presence of fibrous tremolite in these mines, rather than the chrysotile, may well be responsible. The high risk of lung cancer, but not of mesothelioma, in the chrysotile textile industry remains anomalous and cannot be explained in this way. These various findings are directly relevant to the choice of the experimental methods which should be used for screening man-made fibres for industrial use. Although it is clear that biopersistence is a major determinant of cancer risk in animals, and perhaps also in man, other factors affecting the biological activity of mineral fibres may also be important.
It had become clear by the 1950s that occupational exposure to asbestos carried a substantial risk of lung cancer but not until the work of Wagner in South Africa in 1960 was there comparable evidence for mesothelioma. These findings and the results of the several confirmatory casecontrol studies which followed in the 1970s pointed to crocidolite as the main cause of this tumour. Since then a large number of cohort surveys of mortality in asbestos workers have been conducted in various industrialised countries, the main findings from which are summarised in Table 1' ). It can be seen that the risk of mesothelioma in all sectors of industry was much higher in cohorts with substantial amphibole exposure than in those where it was minimal, with only 44 deaths from mesothelioma recorded in the latter against 427 in the former. A similar pattern can be seen for excess deaths from lung cancer, though with two exceptions-textile and friction products manufacture.
The data on friction product workers are misleading since the excess in the cohort with minimal exposure to amphiboles was confined to men exposed for less than one year--transient workers during the war years. Data for the textile industry are less easily dismissed and result primarily from the experience of chrysotile textile workers in Charleston, South Carolina where two separate cohort studies have shown a steeply rising exposure-response trend. Several explanations have been advanced for this anomaly but none yet appears convincing; this mystery has been discussed more fully in a recent review2~.
Two very large multi-centre cohort mortality surveys, one in the USA and one in Europe, together with five smaller investigations, provided data on some 50,000 MMMF production workers. There was no suggestion of any excess incidence of mesothelioma but the results for lung cancer (summarised in Table 2) were less clearly negative3}. After review of all the available evidence the International Agency for Research on Cancer (IARC) concluded in 1988 that fibres of glass wool, rock wool and slag wool were all possibly carcinogenic to humans. The strongest evidence was certainly against slag wool, where in the earlier years exposures may also have included arsenic and furnace fumes. A limiting factor in all these studies was that exposure levels were very low and even had they been to asbestos it is unlikely that a greater excess of lung cancer would have been observed. Questions of biopersistence were not addressed in any of these studies; later however an attempt was made to examine available lung tissue by electron microscopy from autopsies in the American cohort. MMMF were observed in only 25% of lungs examined, and no more frequently in cases than controls; however amosite at > 1 fibre/µg was found in four of six workers in a mineral wool plant (but in none of their matched controls) which had the highest lung cancer risk (SMR: 200) and a probable mesothelioma4~. At a conference in Lyon in 1992, a paper was presented on the epidemiological significance of mineral fibre persistence in human lung tissue5~. This was based on experience from lung burden analyses of asbestos in planned surveys which focused on two main kinds of difficulty in drawing etiological conclusions when the agents under study--asbestos fibres-differed in biological persistence. On the one hand were the almost insuperable uncertainties relating to the fact that lung tissue is only obtainable at autopsy or after major surgery, then only with difficulty and always from subjects selected in undefinable ways. On the other hand, reliable information required studies strictly controlled for relevant time variables, in particular for first exposure, and for last exposure to death. Even so, any comparison of measurements has in some way to take adequate account of differing rates of penetration and persistence of the fibres under study.
Clearly these are serious difficulties requiring considerable ingenuity if epidemiological questions are to be usefully addressed. Nevertheless it seemed possible to draw a limited number of reasonably probable conclusions; all related to chrysotile and amphibole fibres:
• Amphibole fibres in the tremolite series were considerably more persistent than chrysotile both during periods of occupational exposure and in years after it had ceased6~. • Both chrysotile and tremolite concentrations in dried lung tissue of ex-miners were significantly correlated with estimated cumulative dust exposure made in life'.
• Given that this correlation is generally true , case-control studies of mesothelioma confirm that almost all are caused by crocidolite, amosite or tremolite and few, if any, by pure chrysotile'.
• The presence of fibrous tremolite in the chrysotile mines of Quebec was several-fold greater in one of the two mining areas (Thetford Mines) than in the other (Asbestos)5.
• Although these findings pointed to amphibole fibres as the most potent cause of mesothelioma, and considerably more biopersistent than chrysotile, this did not necessarily imply that biopersistence was the only factor responsible. The evidence from lung burden analyses that the geological distribution of fibrous tremolite in the chrysotile ore body varies in the mining region of Quebec led us to examine in detail the 38 deaths from mesothelioma in our cohort in relation to the mines in which the men had worked8. Of the 38 cases, 25 had been employed as miners or millers in the Thetford area; 8 employed as miners and millers in the township of Asbestos and 5 in a small associated asbestos products factory in Asbestos where crocidolite and amosite JC McDONALD were also used. It was immediately obvious that almost all the cases from Thetford were in men who had worked as miners rather than millers and in a circumscribed group of six mines located centrally, and very few in 10 peripheral mines of the region. Risks of mesothelioma reflected by this distribution, estimated as odds ratios in closely matched case-control studies, were twice as high among miners and millers in Thetford than at Asbestos and, at Thetford, some four times greater among employees of the central than peripheral mines. Data obtained from earlier lung burden surveys of Quebec mine workers, when analysed in the same geographical categories, showed that these risks were closely paralleled by the relative concentrations of tremolite fibres in lung tissue and quite unrelated either to chrysotile fibre concentrations or to environmental estimates of accumulated dust exposures. Similar case-control studies were made at Thetford Mines on deaths in the cohort from cancers of the lung, larynx and upper and lower gastro-intestinal tract.
Results for lung cancer were very similar to those for mesothelioma, but no evidence of a geographical difference in risk was found for the other three cancer sites9~. We concluded from these findings that amphibole fibres in the tremolite series, and not chrysotile per se, were probably responsible for the relatively low excess risks of mesothelioma10~ and lung cancer"~ usually seen in workers exposed only to commercial chrysotile. That the explanation may lie in the greater biopersistence of amphibole fibres than of pure chrysotile is clearly relevant also to the manufacture and testing of man-made mineral fibres for commercial use. However, it remains difficult to explain the higher risk of lung cancer, but not of mesothelioma, in asbestos textile workers purely on the basis of biopersistence, so this may not be the whole answer and further analyses and research are needed on this question. At the 1992 conference in Lyon, 10 studies were reported on assessment in vitro of biopersistence of various types of synthetic mineral fibres and 23 studies in experimental animals. The former were all concerned with questions of solubility and dissolution, as were almost all the latter; however, three studies which dealt with the pathogenic effects of biopersistence reported evidence of a link with both lung fibrosis and tumours12~. In the five years since Lyon, a number of further experimental studies have followed the same pattern but with more information on factors determining fibre persistence than on its biological effects. 
